A method is proposed by which the incidence of motion sickness may be predicted from measurement of the motion exposure. The method is based on data from both field and laboratory studies involving large numbers of people and is applicable to marine and other environments where vertical oscillation occurs at frequencies below 0.5 Hz. The dependence of motion sickness on the frequency of oscillation requires the use of a weighting function between 0.1 and 0.5 Hz. The dependence of sickness on the duration of exposure is incorporated by the use of a cumulative measure of motion dose based on the product of rootmean-square (rms) acceleration magnitude and the square root of stimulus duration. The influence of population variables such as sex, age, and motion experience is discussed. The method enables separate predictions to be made of vomiting incidence and of feelings of illness. The prediction procedure, while not seeking to explain the underlying mechanisms of motion sickness occurrence, provides a generally applicable method which is simple to use and has an accuracy consistent with the experimental data on which it is based.
INTRODUCTION
"Sailing on the sea shows that motion disorders the body" (Hippocrates, 5th Century B.C.) is a fundamental observation that motion sickness is caused by motion. Initial research into the causes of motion sickness resulted in descriptions of the motion conditions in which sickness is likely to occur. Further research produced quantitative information relating some motion variables to the incidence of sickness provoked. A summary of the available information was made by Allen (1974) and resulted in an International Standard (ISO, 1982) . This offers a single set of boundaries for some conditions causing 10% incidence of sickness. The recent availability of data from a large field survey of seasickness among passengers on board ships at sea provides an opportunity to re-examine the previous data and formulate a more comprehensive prediction procedure.
Tyler and Bard (1947) produced an extensive review of motion sickness and concluded that, "In all cases of sickness due to the motion of ships, boats, airplanes, elevators, and swings, linear (translational) accelerations appear to constitute the principal stimuli." While motion sickness can undoubtedly be produced by various types of rotational motion, and even by visual stimulation alone, oscillatory translational acceleration has been amply demonstrated to be a potent nauseogenic stimulus. This article is restricted to situations in which there is vertical translational oscillation, accepting Tyler and Bard's conclusion in the light of subsequent research. The underlying mechanism by which vertical translational oscillation produces sickness and the nature of the contribution of the vestibular system are not fully understood. Although current theories, such as the sensory conflict theory (Reason and Brand, 1975 ) , provide some plausible explanations, they generate few quantitative hypotheses concerning the relevant physical variables of the stimulus that can be tested experimentally.
Information from studies of motion sickness is reviewed in order to describe the effects of the motion variables of acceleration magnitude, axis, frequency, and duration. A simple procedure is then proposed for predicting motion sickness incidence from the values of these variables.
I. LABORATORY STUDIES
period of constant velocity, a period of constant acceleration equal to the first but in the opposite direction, and another period of constant velocity. Although the resulting displacement waveform looked approximately sinusoidal, the acceleration waveform had the appearance of a stepped square or rectangular wave. An idealized reconstruction of the waveforms is given in Fig. 1 . Variations could be made, within limits, to the durations of the periods of constant acceleration and constant velocity, and to the magnitudes of the accelerations, thus varying the overall acceleration magnitudes and frequencies, which were the variables under investigation. The motions used are described in terms of displacement, velocity, and acceleration values, but no indication is given as to how these were measured, and no waveforms are presented. All the experimental exposures lasted 20 min, or were prematurely terminated by the subject vomiting or requesting to stop. Malone and Vickery, 1975) . The moving cabin was driven sinusoidally for most of the experiments, although mixed sinusoids were used in the Guignard and McCauley study. One experiment used the roll and pitch capability; the rest of the work used only vertical motion. About 1000 subjects, generally fit young males, were used and they were exposed to motion until either they vomited or quit, or 2 h had elapsed. The experiments examined the effects of motion magnitude, frequency, and axis on sickness incidence. A mathematical model was developed to fit the data, and further statistical analysis of the data has been published by Mauro and Smith (1983 (Lawther and Griffin, 1986 , and 1988 , involving 20 000 passengers on 114 voyages on 9 different vessels. Voyage durations ranged from • h to 6 h, and sea conditions varied from calm to very rough. As well as measuring the incidence of seasickness among the passengers and other individual data, the motions of the vessels were recorded continuously in all six axes throughout each voyage. Subsequent analysis enabled the variations in sickness incidence to be related to the variations in motion between voyages and between ships. A subjective illness rating scale was developed and used in parallel with the vomiting incidence measures. The survey also investigated population variables, such as age, sex, regularity of travel, and the taking of anti-seasickness tablets and alcohol. The prediction procedure developed in this article is intended to apply to motion sickness where the primary cause is vertical translational oscillation. This does not imply that motion occurring in other axes invalidates the procedure. the repetition rate. The spectra, at frequencies below 1 Hz, were used to determine the root-mean-square acceleration magnitudes. The results of this reanalysis are presented in Table I , together with the vomiting incidence data. The results given in the table fall into four frequency categories and are presented graphically in Fig. 2 . Although the points are somewhat scattered, a tendency towards increased sickness with increasing acceleration magnitude is discernible, at least for some of the frequencies. The scatter is not surprising, given that there are few data points for each frequency, and comparisons are being made between data from different experiments.
In the experiments involving McCauley et al., the waveforms were nominally sinusoidal and acceleration magni-
IV. THE EFFECT OF MOTION OF DIFFERENT MAGNITUDES
The Wesleyan University studies were presented as a series of experiments, each designed to investigate a particular motion variable. However, the limitations of control of the apparatus had the result that the variables of frequency and acceleration magnitude were often confounded. Nonetheless, by pooling the results of all the experiments, some comparisons can be made. tude was explictly manipulated as a variable independent of frequency. Ten different discrete frequency sine waves were used in the range 0.083-0.700 Hz and the results are presented in Table II . At each frequency, sickness incidence increased with increasing acceleration magnitude. Selecting the frequencies that give the most data points, the effects of acceleration magnitude may be examined for frequencies of 0.500, 0.333, and 0.167-0.200 Hz (pooled } in Fig. 3 . At each of the three frequencies, vomiting incidence increased in a monotonic and approximately linear fashion with increasing acceleration magnitude. Frequency analysis of the ship motion data from the Lawther and Griffin survey showed that the dominant frequency of vertical acceleration varied little between voyages or between vessels. The spread of the frequency spectra was small and usually centered around 0.2 Hz. Although of regular frequency, the time histories showed considerable variation in amplitude over the short term, similar to a beating effect. Root-mean-square averaging was chosen initially as the simplest way of characterizing the time-varying signal.
The variation in vomiting incidence with rms acceleration magnitude for 73 trips on 4 ships which had voyages of at least 2-h duration is shown in Fig. 4 . Despite the scatter in the data, there is a clear increase in vomiting incidence with increasing acceleration magnitude, and the regression line shows the best straight line fit.
V. THE EFFECT OF MOTION OF DIFFERENT FREQUENCIES
Because of the nonsinusoidal nature of the waveform, the Wesleyan University experiments did not succeed in Guignard and McCauley (1982) compared sickness produced by a single frequency sine wave with that produced by various combinations of two sine waves. They found no significant differences between the sickness incidences produced by exposure to the different stimuli, despite large differences in overall rms acceleration magnitude. Frequency weighting of the acceleration waveforms by the method described above produces similar weighted rms acceleration magnitudes for each of the stimuli, and is thus reasonably consistent with the experimental findings.
Vl. THE EFFECT OF MOTION OF DIFFERENT

DURATIONS
The effect of exposure duration cannot be examined in the Wesleyan University studies, but cumulative data over the 2 h of exposure given by McCauley et al. (1976) show that the rate of accumulation of sickness generally decreased with increasing time. The data from Lawther and Griffin covered journeys of up to 6-h duration and it was also found that sickness incidence tended to accumulate more slowly as the journey progressed.
In both laboratory and field studies, sickness incidence 
VII. THE METHOD OF SICKNESS PREDICTION
The preceding sections have shown how the effects of the variables of acceleration magnitude, frequency, and duration may each be independently approximated by simple mathematical descriptions. These may now be combined to form a general procedure for predicting the incidence of mo- When obtaining a prediction of sickness incidence from the acceleration dose, it is important to acknowledge the nature of the data from which the procedure has been developed since this defines the scope of application. The data covered durations from 20 min to 6 h, and sickness incidence up to about 70%, with motion frequencies mostly between 0.1 and 0.5 Hz. The use of the estimation procedure when parameters are outside these ranges is not supported by sufficient data. 
VIII. COMPARISON WITH ALTERNATIVE METHOD
IX. SYMPTOMS
The above descriptions of the experimental data and prediction procedure have used the terms "motion sickness," "seasickness," and "sickness incidence." Where any quantitative data are involved, all these terms are synonymous with vomiting incidence. It is this symptom of motion sickness that was used in the experimental studies, and the prediction procedure thus strictly predicts the percentage of people who will vomit at some time during the period of exposure to the motion. There are many other symptoms of motion sickness but these are less easy to define and measure. The Wesleyan University studies used an illness category defined as "nausea or profuse sweating" in addition to the two categories of vomiting and not vomiting. By scoring this intermediate category as half the score for vomiting, a sickness index was defined. The results showed similar variations to the vomiting data, with slightly decreased scatter, and it appeared that, for any group of people who vomited, about 50%-100% as many again exhibited nausea or profuse sweating.
The questionnaire used by Lawther and Griffin asked for a subjective rating of feelings of illness in four categories: "I felt all right"; "I felt slightly unwell"; "I felt quite ill"; and "I felt absolutely dreadful." Using a simple linear weighting of 0, 1, 2, and 3 for each category, respectively, and taking an overall weighted average, an illness rating scale was defined having a range of 0 (denoting everyone feeling "all right") to 3 (denoting everyone feeling "absolutely dreadful"), Testing of the scale versus the motion data revealed the weighting factors to be reasonable approximations (Lawther and Griffin, 1986) . It was found that there were many people on ships who did not vomit but who, nevertheless, felt ill to some degree. The illness rating data generally gave slightly higher correlations with motion variables than vomiting incidence, although the two measures were naturally highly correlated with each other. Figure 16 shows a graph of illness rating against acceleration for the same motion data as the vomiting incidence graph in Fig. 4 . Comparison of the two graphs yields the following approximations:
illness rating = 1.5 Xa (for 2-h exposures), illness rating = 0.05 X vomiting incidence, illness rating = F X dose, where F----0.02. These expressions apply up to an illness rating of 1 and vomiting incidence greater than zero and up to about 30%. Predictions of subjective feelings of illness may thus be made from the rms acceleration, vomiting incidence, or the dose value.
X. POPULATION VARIABLES
The values of sickness incidence predicted by the procedure apply for populations and circumstances similar to those of the experimental data. The laboratory studies used fit young men enclosed in small cabins, and the field studies surveyed members of the public traveling as passengers on sea-going ferries. The resulting close agreement is encouraging.
There is some evidence of effects of population variables on sickness occurrence. It has been frequently reported that females are more susceptible than males, and this result was confirmed in the ship survey data, where the incidences of incidence among males on ships was thus slightly lower than would be predicted by the laboratory data. There is an effect of age, however, that shows a slight decrease in susceptibility with increasing age. It is possible that use of only young men in the laboratory studies produced higher sickness rates than would be expected from a more balanced age group. Where the effects of population variables, such as sex and age, can be quantified, modified values of K could be used to estimate sickness susceptibility for specific populations. There is also some evidence that regular travelers by sea are less likely to become seasick, and there are possible other effects, such as the taking of antiseasickness tablets or alcohol, which could result in further modifications of the value of K to increase the accuracy of predictions for specific groups with known population variables.
Xl. CONCLUSIONS
The comparison of experimental data from three separate series of studies of motion sickness caused by vertical oscillation has revealed a high degree of agreement. Examination of the effects of the principal motion variables has shown that they can be approximated by simple mathematical relationships that can then be combined into a general prediction procedure.
The data on the effects of different axes of motion suggest that, where there is sufficient vertical oscillation to cause sickness, additional motion in other axes need not necessarily be considered. The effect of rms acceleration magnitude on sickness incidence has been approximated by a linear relationship over the range for which there are data. Using this linearity with magnitude to produce a normalized sickness index, the effect of oscillation frequency has been determined. The region of apparently greatest sensitivity to acceleration, from 0.1-0.25 Hz, and the sharp decline in sensitivity at high frequencies have been described by straight line approximations that can be used to produce a frequency weighting.
The effect of stimulus duration has been approximated by a formula using the square root of the duration, and a cumulative measure of motion dose has been defined. Sickness has been treated only as a cumulative variable, since adaptation and recovery are unlikely to occur within the durations considered. Predictions of sickness incidence for longer durations would need to take account of the effects of adaptation to the motion.
The prediction procedure involves calculation of the motion dose and multiplication by a factor K to obtain the prediction of vomiting incidence. The factor K may be adjusted for specific populations.
Vomiting incidence is a measure of the percentage of people who attain the usual end point of the motion sickness 'syndrome. There appears to be a large proportion of people who may suffer from seasickness to some degree but who may not actually reach the point of vomiting. A simple subjective well-being scale has been described, and its approximate relation to vomiting incidence given.
The aim of this article has been to produce a motion sickness prediction procedure that is easily applied to a specific range of environments. Approximations have been made for simplicity, and are justified by the amount of natural scatter in the data. The mathematical descriptions of the effects of the variables are not intended to reflect the underlying mechanisms that cause motion sickness, but are merely a pragmatic approach to a problem with a clearly defined scope. It is to be hoped that additional experimental data will enable the procedure to be extended so as to broaden its application. Such data may also provide an insight into the underlying mechanisms of motion sickness.
